ABSTRACT Singlet-singlet annihilation experiments have been performed on trimeric and aggregated light-harvesting complex II (LHCII) using picosecond spectroscopy to study spatial equilibration times in LHCII preparations, complementing the large amount of data on spectral equilibration available in literature. The annihilation kinetics for trimers can well be described by a statistical approach, and an annihilation rate of (24 ps) Ϫ1 is obtained. In contrast, the annihilation kinetics for aggregates can well be described by a kinetic approach over many hundreds of picoseconds, and it is shown that there is no clear distinction between inter-and intratrimer transfer of excitation energy. With this approach, an annihilation rate of (16 ps) Ϫ1 is obtained after normalization of the annihilation rate per trimer. It is shown that the spatial equilibration in trimeric LHCII between chlorophyll a molecules occurs on a time scale that is an order of magnitude longer than in Photosystem I-core, after correcting for the different number of chlorophyll a molecules in both systems. The slow transfer in LHCII is possibly an important factor in determining excitation trapping in Photosystem II, because it contributes significantly to the overall trapping time.
INTRODUCTION
In photosynthesis, two ultrafast processes underlay the high efficiency: energy transfer in the light-harvesting antenna (LHA) and charge separation in the reaction center (RC) (Dau, 1994; van Grondelle et al., 1994) . A highly organized network of membrane-associated pigment-proteins constitutes the photosynthetic apparatus and its cooperativity is a key element (Dau, 1994; van Grondelle et al., 1994) . Photosystem II (PSII) of green plants is probably the most intriguing photosynthetic system known today. Its primary electron donor, P680, has an extremely high redox potential, providing the system with the capability to split water, giving rise to the release of oxygen. Moreover, PSII is able to adapt to varying light conditions via nonphotochemical quenching mechanisms (for review see Horton et al., 1996) . Recently, it was shown that a few minutes after dissolving thylakoid membranes in the detergent n-dodecyl ␣-D-maltoside (␣-DM), PSII is organized in many different ways, revealing mutual contacts between trimers of light-harvesting chlorophyll (Chl) a/b pigment-protein complexes of PSII (LHCII), and contacts with minor light-harvesting complexes and the core of PSII, and it was argued that the differences in organization also occur in vivo (Boekema et al., 1995 (Boekema et al., , 1998 (Boekema et al., , 1999a . A further important finding was the contiguous arrangement of different PSII units (Boekema et al., 1999a) , again showing contacts between LHCII trimers. Connectivity between the RCs of PSII units was already revealed from spectroscopic studies in 1976 (Paillotin, 1976) . Fluorescence-induction measurements also showed that different RCs are connected in the thylakoid membrane, which leads to the description in terms of a lake model (Dau, 1994; Valkunas et al., 1992a) . A connected units model was introduced by Lavergne and Trissl (1995) . Connectivity of the antenna has to be taken into account, for instance, for correct modeling of the quenching of excitations by triplet states in thylakoid membranes (Sonneveld et al., 1979 (Sonneveld et al., , 1980 Breton et al., 1979; Kolubayev et al., 1985) and for the fluorescence induction determined by the closure of the RCs (Paillotin et al., 1983) . Recently, with the use of electron microscopy, paired grana membrane fragments were studied, and a rather common semi-regular array of supercomplexes was observed, consisting, on average, of 2 PSII core complexes and 3 LHCII trimers, in addition to the minor Chl a/b binding proteins (Boekema et al., 2000) . The analysis suggested that many PSII-LHCII supercomplexes in one membrane face exclusively LHCII in the other. The possible existence of LHCII-only domains in the thylakoid membranes was corroborated by the structural characterization of a supramolecular complex, consisting of seven trimeric LHCII complexes (Dekker et al., 1999) .
Numerous studies have been performed to elucidate the dynamics of light harvesting and charge separation in PSII (for reviews see van Grondelle, 1985; van Grondelle et al., 1994) leading to a large variation in results, possibly related to the above-mentioned variability and connectivity. The most extensive data set was collected for intact pea chloroplasts by Roelofs et al. (1992) , and global lifetime analyses indicated PSII lifetimes of 290 and 630 ps for open RCs. The data were interpreted in terms of heterogeneity of PSII and the kinetics were explained with the exciton-radical pair equilibrium model (Roelofs et al., 1992) , which is a member of the group of "trap-limited" models that have been proposed in literature. However, also "diffusion-limited" models have been proposed by others (Butler et al., 1983; Berens et al., 1985a Berens et al., , 1985b . A third type of model, which seems to be applicable to chromatophores of purple bacteria, is the "transfer-to-trap limited" model (Valkunas et al., 1992b; Somsen et al., 1994 Somsen et al., , 1996 . At this moment, none of the models has been commonly accepted for PSII. The essential difference between the various models can be understood as follows. The lifetime exc of an excitation in a photosynthetic unit (RC ϩ LHA) can be written as (Kudzmauskas et al., 1983; Valkunas, 1986; Valkunas et al., 1991) exc ϭ trap ϩ del ϩ mig ,
where trap is the trapping time, which is equal to the charge separation time cs divided by the probability to find the excitation on the primary donor and not on one of the other pigments. In case the primary donor and all antenna pigments are isoenergetic (N pigments in total) one finds trap ϭ N cs . If the total lifetime exc is dominated by trap then the process is trap-limited. The next term, del , corresponds to the transfer between the LHA and the RC, but we will not further discuss it here. If this transfer step is rate limiting, the transfer-to-trap limited model can be applied. Finally, if the migration term, mig , dominates, the trapping process is diffusion limited. For a regular lattice this term is given by mig ϭ 0.
, where W h is the hopping rate for excitations from one pigment to a neighboring one. The structure function f d (N) depends, not only on the number of pigments, but also on the actual arrangement of the pigment lattice, but its value is typically between 0.5 and 1 when the lattice contains on the order of 100 pigments or more (Kudzmauskas et al., 1983; Somsen et al., 1996) . It is important to note that mig scales almost linearly with N. Some deviation from linearity is caused by the influence of f d (N), but for large values of N (ϳ100), the deviation is small (Pearlstein, 1982; Kudzmauskas et al., 1983; Valkunas, 1986) . Therefore, when a trap-limited model is used, the assumption is made that the rate of charge separation ( cs Ϫ1 ) from the primary donor is much slower than the average hopping rate for excitations. However, no consensus exists so far, neither about the value of cs or about mig (see e.g., van Grondelle et al., 1994) . Important is the fact that PSII forms an energetic funnel toward the RC, which is only very shallow (Jennings et al., 1993) , and, in all existing models, reversible transfer between the outer antenna and the core is (and should be) taken into account.
In principle, one can obtain information about mig by studying the LHA separately. The LHA of PSII consists to a large extent of the main complex LHCII. Approximately 4 trimeric LHCIIs are present per RC (Jansson et al., 1997) , and these are present in different arrangements (see above). A monomeric subunit of LHCII binds 5-6 Chl b molecules and 7-8 Chl a molecules, and 60% of the Chl a molecules and 90% of the Chl b molecules in PSII are bound to LHCII (Jansson, 1994) . Trimeric LHCII has been studied extensively by (sub)ps spectroscopy. It was shown that the major part of the Chl b-Chl a excitation energy transfer occurs with time constants ranging from ϳ200 to ϳ600 fs, and a small fraction occurs with a time constant of several ps (Bittner et al., 1994; Visser et al., 1996; Connelly et al., 1997b; Kleima et al., 1997) . Subsequently, energy transfer occurs mainly between Chl a molecules, because their Q y excited-state energy is much lower than that of Chl b. Due to spectral and spatial inhomogeneities, different transfer times coexist, and they range from hundreds of femtoseconds to many picoseconds for at least several pairwise transfer steps. In a (polarized) transient absorption study at room temperature by Kwa et al. (1992b) , transfer times were observed ranging from Ͻ2 to 15-35 ps in trimeric LHCII. The latter time was tentatively assigned to transfer between monomers. A relatively slow process of 13 ps was also observed by Mullineaux et al. (1993) in an isotropic photon-counting study, although it was clear that faster processes should also be present. This was confirmed by Pålsson et al. (1994) , who observed times of ϳ2 and 10 -20 ps. Savikhin et al. (1994) found transient absorption depolarization times ranging from 5 ps at room temperature to many tens of picoseconds at cryogenic temperatures, whereas Bittner et al. (1995) found an ϳ14 ps spectral equilibration above 670 nm at 12 K. All these studies had in common that energy transfer was observed on a significantly longer time scale than 1 ps.
An extensive study of the Chl a-Chl a transfer kinetics in trimeric LHCII was performed by Visser et al. (1996 Visser et al. ( , 1997 at 77 K. It was shown that excitation at 663 nm gave rise to an ϳ2-ps transfer time, whereas excitation around 670 nm led to transfer steps of ϳ400 fs and ϳ15 ps. More recently, similar experiments were performed by Gradinaru et al. (1998) on monomeric LHCII at 77 K. In general, the results were comparable to those observed on trimers but more details were observed. Excitation at 663 nm showed a transfer time of 5 Ϯ 1 ps toward longer wavelength pigments, and it was argued that this is due to the transfer originating from only one Chl a pigment. After excitation at 669 nm, two downhill transfer times of 300 fs and 12 ps were observed. Excitation toward longer wavelengths revealed that there is at least one other picosecond component present, whereas evidence was also found for additional subpicosecond equilibration events. Thus, it is clear that, within a monomeric subunit, both picosecond and subpicosecond processes occur. Recent 3PEPS measurements at room temperature led to the observation of Chl a equilibration times ranging from 300 fs to 6 ps (Agarwal et al., 2000) . Most of the above-mentioned studies observed equilibration events within monomeric subunits (spectral equilibration) because no additional spectral equilibration is expected upon transfer between monomers, which are spectrally very similar. This was indeed confirmed by the study of monomeric LHCII by Gradinaru et al. (1998) . The results of the polarized studies possibly also reflect intermonomer transfer, but, without additional knowledge, it is impossible to draw quantitative conclusions about the exact amount.
Knowledge about the overall transfer process (spatial equilibration) in antenna systems can be obtained from singlet-singlet annihilation experiments (van Grondelle, 1985; Valkunas et al., 1999) . The excited singlet (S) states of chromophores can act as mobile quenching centers for other S excitations in an aggregated/connected system. This leads to decreased excited-state lifetimes at high excitation intensities and concommitantly to a decrease of the fluorescence yield. By probing the intensity dependence of the excited-state lifetimes or the fluorescence quantum yield, which is proportional to the amplitude-weighted average lifetime, information can be obtained about the excitation mean hopping time between pigments, the excitation diffusion radius and fractal dimensions of the system Valkunas et al., 1995 Valkunas et al., , 1999 . For instance, the mean excitation transfer time between pairs of bacteriochlorophyll (BChl) pigment molecules was estimated to be equal to 0.5 ps in the simple LHA of the bacterium Rhodospirillum rubrum (so-called LH1 complexes), which contains only one pigment in one spectral form (den Bakker et al., 1983; . However, at lower temperatures (77 K), even this LHA demonstrates spectral inhomogeneity, which results in variation of the S-S annihilation efficiency for different excitation wavelengths (Deinum et al., 1989) and exhibits more complex annihilation kinetics than at room temperature . This is attributed to a fractallike structural organization of the system at low temperature, resulting in a percolation type of energy transfer (Bunde and Havlin, 1991) . Other LHA complexes both in bacteria and plants are spectrally more complex, containing several spectral forms of the same pigment molecules as well as different types of bacteriochlorophyll or chlorophyll molecules, and can be assembled in aggregates having different sizes of excitation migration domains. This spectral and structural diversity complicates the analysis of the annihilation processes. Gillbro et al. (1988) studied S-S annihilation in aggregates of LHCII using picosecond pump-probe spectroscopy. From the lifetimes and corresponding amplitudes, a relative fluorescence quantum yield was calculated, which was determined as a function of excitation intensity. With the theoretical approach of Paillotin et al. (1979) and den , an average hopping time from Chl a molecules to their nearest neighbors was estimated between 1 and 5 ps. The uncertainty arises from the fact that the domain size cannot be determined, and, in fact, a distribution of sizes is present. Moreover, different lifetimes occur even in the absence of annihilation due to quenching centers in the aggregates (Ide et al., 1987; Mullineaux et al., 1993; Barzda et al., 1998 ). An upper limit for the average hopping time of 6 ps was estimated for aggregates of LHCII by Barzda et al. (1996) but heterogeneity of the preparations was not taken into account during the analysis. Bittner et al. (1994) studied S-S annihilation in trimeric LHCII with the use of subpicosecond pump-probe spectroscopy. The observed annihilation could roughly be fitted with an exponential decay time of 28 ps. A slow annihilation rate of 0.25 ϫ 10 Ϫ9 cm 3 s Ϫ1 was obtained, which was estimated using a model that in principle is only applicable to large aggregates. No attempt was made to estimate the average hopping time from this value. The rate of annihilation was smaller than values (0.5-15 ϫ 10 Ϫ9 cm 3 s Ϫ1 ) obtained with much longer pulses or for intact chloroplasts (Nordlund and Knox, 1981; Geacintov et al., 1977) . This difference was attributed by Bittner et al. (1994) to differences in domain size, being smaller for LHCII trimers and larger for LHCII aggregates (Nordlund and Knox, 1981) and chloroplasts (Geacintov et al., 1977) . In contrast to the results of Bittner et al., a study of the intensity dependence of the fluorescence yield and transmittance of trimeric LHCII complexes was described by assuming excitonically coupled pigments within the trimers, and, as a consequence, a very fast annihilation rate of the order of a few hundred fs was deduced in an indirect way (Schödel et al., 1996) .
Here we present a study of S-S annihilation in LHCII in solutions with largely varying detergent concentrations to resolve apparent discrepancies in the literature about the rate of annihilation, to study the effect of aggregation on the annihilation in LHCII. Trimeric complexes are present in solution with high DM concentrations and the largest aggregates occur for low concentrations of detergent. In this way, important information is obtained about the spatial equilibration in LHCII, which complements the huge amount of data that has been collected on spectral equilibration. It allows us to estimate the contribution of the migration time through LHCII to the overall trapping process in PSII.
To circumvent the problem of the unknown size of the aggregates and the varying lifetimes that was met by Gillbro and coworkers (1988) , we explicitly analyzed the kinetics of the annihilation in all cases, using the approach of Valkunas et al. (1999) , that is based on the formulation by Suna (1970) , instead of using the time-integrated signals. It is shown that the annihilation process in LHCII trimers is well described by a statistical approach, whereas the annihilation kinetics in aggregates is described by means of a kinetic approach with a time-dependent annihilation rate.
By applying these approaches, we are able to obtain the rate of annihilation normalized per trimer, which allows us to directly calculate the contribution of LHCII to mig for the total trapping time in PSII. It is concluded that the outer antenna of PSII not only contributes to the trapping time via cs , as was modeled by Roelofs et al. (1992) , but also, to a significant extent, via the migration term (it contributes ϳ160 ps).
MATERIALS AND METHODS
Stacked lamellar aggregates were isolated from dark-adapted two week-old pea (Pisum sativum) leaves according to the procedure described by Simidjiev et al. (1997) . Isolation was performed in the dark. Isolated LHCII aggregates were stored at 4°C, and measurements were performed within two weeks after isolation. The critical micellar concentration (CMC) of the detergent in the LHCII samples, above which aggregates disassemble into trimers, was observed around 0.01% of n-dodecyl ␤-D-maltoside (DM) at 10 g/ml Chl(a ϩ b) of LHCII (single photon timing measurements) and around 0.015% of DM at 30 g/ml Chl(a ϩ b) of LHCII (absorption, fluorescence-intensity dependence, and transient absorption measurements). The CMC was determined from the characteristic increase of the fluorescence yield during titration of LHCII by the detergent (see Ide et al., 1987; Barzda et al., 1995; Simidjiev et al., 1997) .
Fluorescence decay kinetics were measured by time-correlated singlephoton counting using 593 nm, 8-ps excitation pulses from a synchronously pumped (frequency-doubled Nd:YAG laser, (Antares 76-S, Coherent, Palo Alto, California) cavity-dumped dye laser 700 dye laser with 7220 cavity dumper, dye: Rhodamin 6G) operated at a repetition rate of 148 kHz. Special care was taken to perform the measurements at low repetition rate and very low excitation intensity to avoid singlet-triplet and singlet-singlet annihilation, respectively. The excitation intensity at the sample was kept below 0.5 nJ/(pulse ‫ء‬ cm 2 ), which roughly corresponds to 2 ‫ء‬ 10 Ϫ6 excitation per one trimer of LHCII. Detection of the fluorescence was performed with a microchannel plate photomultiplier (R1564U-07, Hamamatsu, Japan) and a cut-off filter transmitting light above 680 nm was used to eliminate scattered excitation light. The response function of the apparatus (ϳ80 ps FWHM) was obtained by detecting scattered excitation light from a turbid suspension. Fluorescence decays were deconvoluted using a sum of exponential terms with the apparatus response function.
Transient absorption investigations were carried out with a 2-ps time resolution pump-probe spectrometer, based on a home-made low-repetition rate passive-mode-locked Nd-glass laser (1 Hz repetition rate). The samples had an optical density of ϳ0.6 at the maximum of the red absorption band in a 5-mm cuvette. To obtain a homogeneous distribution of excitations throughout the sample, which is crucial in nonlinear experiments, the samples were excited at 527 nm (very low absorption) by the second harmonic of the basic laser radiation and probed at 680-nm wavelength that was selected from the white continuum generated in a water cell. The excitation beam diameter was ϳ1 mm and the diameter of the probe beam was ϳ0.3 mm, ensuring almost homogeneous excitation of the probed area. Pulse-to-pulse fluctuations of the excitation energy were less than 10%.
Measurements of the dependence of the fluorescence intensity on the excitation light intensity were performed using the second harmonic of Nd:YAlO 3 laser pulses at 534 nm with 10-ps duration at 5-Hz repetition rate. The time-integrated fluorescence intensity was measured by a photomultiplier at the maximum of the fluorescence band around 680 nm. Calibrated filters were used to attenuate the fluorescence at high excitation intensities. The edges of the pump beam were cut off at 70% of the maximal intensity by a diaphragm that was placed in front of the sample.
MODELING OF THE S-S ANNIHILATION
The S-S annihilation theory is well developed for spectrally homogeneous molecular systems (see, for instance, van Amerongen et al., 2000) . When comparing the size of an aggregate with the excitation-diffusion length, two limiting cases can be distinguished, namely those of large and small aggregates (van Grondelle, 1985; Valkunas et al., 1995 Valkunas et al., , 1999 . For small aggregates, which are much smaller than the actual excitation-diffusion length, the aggregate can be viewed as a supermolecule being characterized mainly by energy levels reflecting single and multiple excitations, and the statistical approach can be used in this case (Paillotin et al., 1979; Nordlund and Knox, 1981; den Hollander et al., 1983; van Grondelle, 1985) . According to this approach the initial distribution of excitations in the ensemble of aggregates mainly determines the annihilation process, which can be viewed as a sequential relaxation process in a multiexcitation level scheme, described by the Master equation, Ѩ Ѩt
where p i (m, t) is the probability that at time t there are i excitations present, given m excitations at t ϭ 0 (p i (m, 0) ϭ ␦ m, i ), is the linear excitation decay time, and ␥ is the S-S annihilation rate. The average number of excitations remaining in the aggregate at time t is given by
When the above summation is applied to each term in Eq. 2 we obtain the equation,
If the initial distribution of excitations in the complexes/aggregates obeys a Poisson distribution, then ͗i(i Ϫ 1)͘ ϭ ͗i͘ 2 , and Eq. 4 is analogous to the kinetic equation used for extended aggregates (see below). However, as time progresses, the probabilities p i (m, t) will differ from those given by the initial Poisson distribution. Moreover, the initial distribution in time is mainly determined by the shape of the excitation pulse, which can be taken into account by adding the corresponding generation function J(t)(i Ϫ 1)p iϪ1 (m, t) to Eq. 2, where J(t) is the intensity of the excitation pulse and is the absorption cross section. To obtain the correct temporal evolution Eq. 2 has to be solved numerically.
For extended aggregates (i.e., when the actual size of the domain is comparable to or larger than the excitation diffusion length) a kinetic description of the excitation evolution can be used. Such an approach was originally formulated by Suna (1970) for molecular crystals and later developed for studies of excitation kinetics in large molecular aggregates (Valkunas et al., , 1999 . It is represented by the equation, dn dt
where N is the number of pigment molecules per aggregate (or that part of the aggregate that is used for normalization) absorbing at the excitation wavelength, n is the total number of excited molecules in the aggregate, is the molecular absorption cross section at the excitation wavelength, em is the molecular cross section for the corresponding stimulated emission, J(t) is the excitation pulse intensity, is the linear excitation decay time, and ␥(t) is the rate of S-S annihilation. For comparing annihilation in trimers and various aggregates, we normalize the values n, , and N per trimer. In this way, the value of ␥(t) will also be normalized per trimer. Note, however, that, in doing so, it is neglected that f d (N) is different (see Introduction). In fact, this factor will be larger for large aggregates although the variation is not very pronounced (see also Discussion). After the excitation pulse, the solution of Eq. 5 can be described by the formal equation,
where n 0 is the initial population created by the excitation pulse.
The time dependence of ␥(t) is determined by the pair correlation function of the excitations (Suna, 1970; Valkunas et al., 1995 Valkunas et al., , 1996 Valkunas et al., , 1999 . For a diffusion-limited process like the annihilation in extended systems, the time dependence of ␥(t) can be approximated by a power law (Bunde and Havlin, 1991) 
where ␣ is determined by the geometrical characteristics of the exciton diffusion in the aggregate. The parameter ␥ 0 has the dimensions of ps ␣Ϫ1 . In regular and homogeneous Euclidean structures, ␣ is related to the structural dimension d s as (Bunde and Havlin, 1991) 
In case of spatial irregularities or spectroscopic heterogeneity, d s can be considered as a fractal (spectral) dimension (Bunde and Havlin, 1991) . It is worth noting that the excitated-state decay kinetics can provide direct information about the fractality of the structure/spectroscopic organization of the system under consideration , which cannot be directly obtained from the time-integrated characteristics, such as, e.g., the dependence of the fluorescence quantum yield on the excitation intensity. Thus, substituting Eq. 7 into Eq. 6 for the short-time kinetics (t Ͻ ), we obtain the analytical solution
which, for ␣ ϭ 0 reduces to
Eq. 9 can be rewritten as
and in a log-log representation, this gives
According to Eqs. 11 or 12, a graph of the time dependence of the function 1/n(t) Ϫ 1/n 0 gives information about the time-dependence of the annihilation rate, as is demonstrated in Fig. 1 . The normalization of the excitation population (and thus, also of the annihilation rates) per trimer for the large aggregates is convenient for a comparison of both the kinetic and statistical approach. The obtained annihilation rate after this normalization is similar for both methods. Both approaches are visualized in Fig. 1 . Qualitatively, the curve obtained with the statistical approach is similar to the one obtained by the kinetic approach with a time-dependent annihilation rate giving a downward deviation in both cases. For the statistical description, this is a consequence of the finite population of excitations in a trimer, leading to a strong deviation from the linear behavior toward the situation corresponding to (␥/2)i(i Ϫ 1) ϭ 0 for i ϭ 1. Both methods (kinetic approach according to Eq. 5 and statistical approach according to Eq. 2) will be used for describing the S-S annihilation in trimers and aggregates. The dependence of the fluorescence yield on the excitation intensity can also be calculated for both methods. (For details of such calculations see Paillotin et al., 1979; van Grondelle, 1985 and Valkunas et al., 1999.) In the case of the statistical approach and for fast annihilation, i.e., assuming that ␥ Ͼ Ͼ 1, it follows from Eqs. 2 and 3 that the fluorescence (F) intensity plotted as a function of laser intensity will saturate in an exponential way:
where J ϭ ͐ J(t) dt and ⌽ 0 is the fluorescence quantum yield under annihilation-free conditions. For extended aggregates, when the annihilation rate is assumed to be time-independent, integration of Eq. 6 leads to
It is possible to link the rate of annihilation to mig , as discussed in the Introduction (Eq. 1). There is no fundamental difference between the formal description of the trapping process as given in the Introduction and the S-S annihilation presented in this section . In the former case, the RC acts as an immobilized trap, whereas, in the latter case, one excited molecule acts as a mobile trap for the other. However, in the case of S-S annihilation, the trap moves with the same speed as the excitation and therefore annihilation occurs approximately twice as fast as trapping by an RC. We compare both processes in slightly more detail. The trapping process as described in the Introduction is given for a regular lattice, and, in the case of annihilation, this would mean that ␣ ϭ 0 or that the annihilation rate is time independent. The term trap was given to be equal to N cs for a regular lattice, and, in the case of annihilation, we would have to replace cs by vib , which reflects the vibrational relaxation after an excitation of one pigment has been accepted by the other excited molecule and the vibrational relaxation leads to the loss of one excitation. Such a relaxation process typically occurs on a time scale of hundreds of femtoseconds. The term del would not be necessary for annihilation if energy transfer from an excited molecule to an unexcited molecule would be equally fast as to an excited molecule (which would then be responsible for annihilation). This is only approximately true because the excited-state absorption is somewhat smaller than the groundstate absorption in the wavelength region of interest (Becker et al., 1991) . This leads to a decreased Förster overlap function and thus to a decreased transfer rate. Below, we neglect this difference. This leads to a slight overestimation of the last term mig which is apart from a factor of 2 FIGURE 1 Time dependence of 1/n Ϫ 1/n 0 calculated for various models. Relative units are used. The annihilation rate was calculated according to a modified version of Eq. 7, i.e., by assuming that
, and the parameters in relative units used for the calculations are as follows: ␥ 0 ϭ 3, ␣ ϭ 0.5, ␥ ϭ 1 ⁄15, k ϭ 1/ ϭ 0.4. The solid line corresponds to the situation of ␥ ϭ ␥ 0 ϭ constant and k ϭ 0, the dashed line to ␥ ϭ ␥ 0 ϭ constant and k 0, the dotted line to ␥ ϭ ␥(t) and k ϭ 0, the dashed-dotted line to ␥ ϭ ␥(t) and k 0, the dashed-double dotted line reflects the statistical approach with ␥ ϭ ␥ 0 and k ϭ 0.
identical for the case of trapping by the reaction center and that of S-S annihilation (see above), the latter process being faster.
RESULTS
The LHCII absorption spectrum is almost independent of the degree of aggregation (Fig. 2) , which was varied by changing the concentration of detergent in the sample (Barzda et al., 1994) . In contrast, the fluorescence yield and kinetics depend significantly on the degree of aggregation. Upon nonselective excitation of Chls at 593 nm with low-intensity picosecond laser pulses, when both S-S and S-T annihilations are excluded, the fluorescence-relaxation kinetics is faster for larger aggregates (Fig. 3 , see also Ide et al., 1987; Mullineaux et al., 1993; Vasil'ev et al., 1997) . This may be due to the creation of quenchers upon aggregation or to the fact that quenchers that were present in a small fraction of the trimers can also quench excitations in other trimers, due to inter-trimer transfer in the aggregates. The fluorescence decay kinetics is exponential for trimers, and, for larger aggregates, it may well be approximated by two exponentials, whereas the relative amplitudes and decay times depend on the degree of aggregation (see Table 1 ). As shown in Table 1 , both lifetimes increase upon increasing the detergent concentration and thus diminishing the average size of the aggregates. A limited number of quenching centers is probably present in aggregates. When the average size of the aggregates is reduced by adding the detergent (Ide et al., 1987; Barzda et al., 1994 Barzda et al., , 1995 , the number of quenching centers per aggregate also decreases and the relative number of (small) aggregates without quenching centers increases. It is important to note that the presence of different kinetic components can impair the interpretation of annihilation experiments in which fluorescence yields are measured as a function of excitation intensity. Thus, the changes in the relative amplitudes resemble the changes in the amount of aggregates with and without quenchers.
Around the CMC, a transition from LHCII aggregates to trimers takes place and all the quenching centers disappear. This results in a monoexponential fluorescence decay, and the lifetime of about 3.4 ns is characteristic for unquenched Chls in protein.
The dependence of the integrated fluorescence on the excitation intensity is shown in Fig. 4 . An approximately linear dependence is observed for all samples at low excitation conditions, whereas, at higher excitation intensities, a deviation from linearity, caused by S-S annihilation, is observed. For trimers, the intensity threshold for S-S annihilation should correspond to conditions where, on the average, more than one excitation per trimer is generated by a single pulse. Similarly, the S-S annihilation in larger aggregates should start at excitation intensities where, on the average, more than one excitation is created in the aggregate or in a part of the aggregate (for large aggregates), restricted by the excitation-diffusion radius.
More quantitative conclusions concerning the rate of energy transfer and the size of the domain determined by the excitation-diffusion length in the aggregate can be obtained from the excitation-decay kinetics under S-S annihilation FIGURE 2 The absorption spectra of LHCII at different DM concentrations. The concentration of LHCII was 30 g/ml of Chl(a ϩ b).
FIGURE 3
The normalized fluorescence kinetics of LHCII at different DM concentrations. The response function is also shown. Kinetic curves correspond to a DM concentrations of 0, 0.005, 0.010, 0.015, and 0.02%, being fastest for 0% DM and gradually becoming slower with the increase of DM concentration. The concentration of LHCII was 10 g/ml of Chl(a ϩ b). Fitting parameters are presented in Table 1 . The concentration of LHCII was 10 g/ml of Chl(aϩb).
conditions. The results of transient absorption kinetics at 680 nm performed with ϳ2-ps pump laser pulses are shown in Fig. 5 for different detergent concentrations, which result in different sizes of the aggregates. The right vertical axis indicates the relative amount of excited pigments evaluated according to the relation
where A is the absorbance of the sample, ⌬A is the difference absorbance, abs and em are the absorption and stimulated emission cross sections, all at the same probe wavelength (680 nm). The latter value was estimated from the fluorescence spectrum according to the procedure described by Becker et al. (1991) . The decay curves shown in Fig. 5 are not mono-exponential. The fast part of the decay proceeds during the initial 30 -50 ps, and afterward, the decay kinetics slows down. This slow part of the kinetics is dependent on the degree of aggregation and is faster for larger aggregates. The relative amplitudes of the fast and slow components also vary for different detergent concentrations.
DISCUSSION

Annihilation in trimers
The amount of fluorescence as a function of the excitation intensity is shown for trimeric LHCII in Fig. 4 . Whereas the kinetic approach (Eq. 14) fails, the statistical approach (Eq. 13) can nicely explain the intensity dependence. Assuming that Poisson statistics determines the probability of generating a certain number of excitations in a trimer and in case of fast annihilation (compared to the excitation lifetime) the deviation from linearity on a log-scale corresponds to 1/e at the intensity of 1 excitation (on average) per domain (see Eq. 13). The deviation appears roughly at 1.5 ‫ء‬ 10 16 photons ‫ء‬ cm Ϫ2 . Estimation of the excitation density with ϭ 2 ‫ء‬ 10 Ϫ16 cm 2 at the excitation wavelength (534 nm) leads to approximately 2 excitations per trimer instead of one. Given the uncertainty in the light intensity in the overlap region of pump and probe beam and the uncertainty in the absorption cross section at 534 nm (the absorption is very low in this region), the intensity dependence is close to what one would expect for individual trimers, and it is essentially different from what one would expect for aggregates.
In Fig. 6 a, annihilation on a picosecond time scale is shown for trimeric LHCII together with the best fit using the statistical approach, and the obtained annihilation rate is ␥ Ϫ1 ϭ 24 ps. The fitting parameters are as follows: pulse , reflecting the apparatus function, is well described by a Gaussian function of 4-ps width (FWHM), whereas the linear relaxation time was taken to be ϭ 3 ns (close to the value determined from the annihilation free fluorescence kinetics, see Table 1 ; the accuracy is more than sufficient for the description of the short-time kinetics). Based on the changes in optical density (see Fig. 5 ), the number of excitations was estimated to be J ϭ 5 photons/trimer. We also tried to describe the trace for the trimers with the kinetic approach but this turned out to be impossible. In the figure, it is shown that, to correctly fit the first 30 ps where most of the annihilation takes place, we need annihilation parameters that lead to a large overestimation of the amount of annihilation at longer times. The explanation is obvious, after ϳ50 ps all annihilation is over in the trimers that are relatively small in size, whereas the kinetic approach is suited for large systems where the annihilation process FIGURE 4 The dependence of the integrated fluorescence of LHCII on the excitation intensity at different DM concentrations. Solid curves are calculated according to the statistical approach (for trimers) and the kinetic approach (for large aggregates). Dotted lines reflect a linear dependence. The top axis is related to the theoretical curves. The value of the fluorescence quantum yield is used as a fitting parameter, to fit the experimental curves at low excitation intensities. continues during the entire excited-state lifetime. It should be noted that the annihilation mainly takes place between excitations on Chl a molecules. The laser light at 527 and 534 nm excites both carotenoids and chlorophylls but nearly all excitations are transferred to Chl a within 1 ps (Peterman et al., 1997; Connelly et al., 1997a) , which is just below the time resolution of our experiments. The findings will be discussed in more detail below.
Annihilation in LHCII aggregates
It is well known that lowering the detergent concentration below the CMC leads to aggregation of LHCII (Burke et al., 1978; Ide et al., 1987; Barzda et al., 1994) . Aggregates of various sizes occur but also different excited state lifetimes are present for these aggregates and the average lifetime goes down compared to that of trimers (Ide et al., 1987; Mullineaux et al., 1993; Vasil'ev et al., 1997) . Both the unknown sizes and the different lifetimes led to complications for the interpretation of the annihilation results of Gillbro et al. (1988) . The average lifetime shortens to below one ns (under annihilation free conditions) as can be seen in Table 1 . The amount of fluorescence as a function of the excitation intensity for the aggregates in the absence of detergent is shown in Fig. 4 . The shape of the curve is clearly different from that for trimers. In this case, the intensity dependence cannot be described by Eq. 13 (statistical approach) but it is nicely fitted with Eq. 14 (kinetic approach). The deviation from linearity on a log-log-scale now appears at significantly lower excitation intensities. Also taking into account that the average excited-state lifetime (in the absence of annihilation) is several times shorter than for trimers, it is clear that excitations can "travel" through many trimers before they annihilate.
In Fig. 6 b the time-resolved annihilation of aggregated LHCII in 0.005% DM is given. It should be noted that the LHCII concentration in these measurements was three times as high as in the fluorescence experiments, presumably leading to larger aggregates, but, in contrast, a higher detergent concentration was taken, leading to a decrease of aggregate size. Despite these two counteracting conditions, the aggregates in the pump-probe and fluorescence experi-FIGURE 6 The annihilation kinetics for LHCII at a DM concentration of (a), 0.02%; (b), 0.005%; (c), 0.01%; and (d), 0.015%. Solid lines, theoretical fitting of the experimental data (parameters are presented in Table 2 ). The dashed line in (a) shows fitting according to the kinetic approach. The inserts show the same data presented on a reversed scale. ments are most likely slightly different. An almost perfect description of the time-dependence of the transient absorption over many hundreds of picoseconds is obtained with the kinetic approach using ␥ 0 Ϫ1 ϭ 16 ps and ␣ ϭ 0.1. From  Fig. 5 , it was already clear that annihilation in aggregates continues for many hundreds of picoseconds, indicating efficient energy transfer. However, the fit in Fig. 6 b shows that, with only one (time-dependent) rate, the time dependence can be described over a large time window, covering both transfer within a trimer and transfer between many trimers. This demonstrates that a lamellar LHCII aggregate should be considered as a continuous lattice and not as a collection of trimers where energy transfer within trimers occurs on a different time scale than transfer between trimers. For regular 2-and 3-dimensional lattices, one does not expect any time dependence of the annihilation rate, whereas, for 1-dimensional lattices, a strong time dependence is expected. The small value of ␣ indicates that there is only a limited time dependence, so that the aggregates can approximately be considered as regular 2-or 3-dimensional lattices (which is useful for further interpretation, see below), the deviation being due to structural and spectral inhomogeneity.
Comparison of the annihilation LHCII in different detergent concentrations
In the previous sections, the differences of the annihilation in trimers and large aggregates in high and low detergent concentrations, respectively, were discussed. At intermediate detergent concentrations also "intermediate behavior" is observed as is clear from Fig. 5 . The experimental data are shown in a 1/n(t) Ϫ 1/n 0 representation in Fig. 7 . We observe an initial linear regime for all degrees of aggregation, whereas, at the threshold time t c Ϸ 30 ps, this temporal dependence starts to deviate for trimers. For large aggregates, this deviation sets in at later times (well over t c Ϸ 30 ps). For the different states of aggregation, the curves are slightly shifted along the ordinate axis. Note that, within the experimental errors, there is no change in the initial slope upon aggregation, and because the value of the slope is close to unity it points out that ␣ is small, i.e., the time dependence of the annihilation rate in aggregates is weak. Significant differences occur at longer times where the slope starts to change, becoming smallest for trimers. This result is understandable: the threshold time t c corresponds to the annihilation time ␥ Ϫ1 in the trimer, whereas at later times, the slope is almost parallel to the time axis because ϳ1 excitation per trimer is left and the annihilation is switched off. The slight upward shift at early times for large aggregates as compared to trimers must be attributed to log(␥ 0 /2(1 Ϫ ␣)) according to Eq. 12, indicating a 1.5 times increase in the mean rate of annihilation, in agreement with the results given above (note that ␣ is small).
Because, at intermediate DM concentrations, the curves fall between those of aggregates and trimers, one might, in first approximation, assume that the samples contain a mixture of large and small aggregates which could, to some extent, also explain the aggregation-dependent linear fluorescence decays (see Fig. 3 , Table 1 ), where the amplitudes of the exponential components might be attributed to relative amounts of LHCII in large and small aggregates. The S-S annihilation kinetics of LHCII at intermediate DM concentration could indeed be fitted with the assumption of the coexistence of small domains and large domains for which the statistical and the kinetic description hold, respectively. The fitting results are shown in Fig. 6, c and d . The corresponding fitting parameters and the ratio of the amplitudes are presented in Table 2 . One might try to estimate the relative amounts of trimers in small and large aggregates at a particular DM concentration from the fitted amplitudes. Values of the relative amplitudes and the relaxation times obtained from the best fit (see Table 2 ) are slightly different from those obtained from fitting the fluorescence kinetics under low excitation intensity conditions (Table 1) . Different LHCII concentrations were used in annihilation and linear fluorescence lifetime measurements. The higher LHCII concentration slightly shifts the CMC to a higher The concentration of LHCII was 30 g/ml of Chl(aϩb).
Singlet-Singlet Annihilation in LHCIIdetergent concentration because more protein binds more detergent (Ide et al., 1987) . Comparison of the annihilation kinetics and the linear fluorescence decays can be done by lowering the concentration of DM by approximately 0.005% for annihilation measurements. This reveals good agreement between both data sets. Although the above approximation seems to give consistent results, we hasten to say that the analysis and interpretation should not be taken too literally. The main point is that, at intermediate DM concentrations, the kinetics can be understood in terms of mixtures of small and large aggregates and that only at very low detergent concentrations one can describe the kinetic behavior with the kinetic model.
The relation between the annihilation rate in LHCII trimers and aggregates
The inverse annihilation rate ␥ Ϫ1 for trimers is 24 ps, whereas ␥ 0 Ϫ1 ϭ 16 ps for aggregates after normalization to trimers. Both rates are not exactly the same, which is partly due to the different theoretical descriptions. However, they are of a similar order of magnitude. A decrease of the inverse rate is not expected for regular lattices that increase in size, because f d (N) increases and the opposite effect might have been anticipated. The most straightforward explanation is that some Chls that are relatively far away from the bulk of the pigments in individual trimers, get in better contact with the bulk of Chls in aggregates, for instance, through short distances with respect to Chls on neighboring trimers. New routes for energy transfer and annihilation are thus opened, and, effectively, this means that del decreases for aggregates. Below we will use the obtained rate for aggregates to estimate mig in PSII. Evidently, its contribution to the total trapping time will increase, if the obtained annihilation rate for trimers is used.
The contribution of LHCII to the overall trapping time in PSII
It is possible to estimate the contribution of LHCII to mig in a direct way from the obtained results, without estimating the hopping rate as was already indicated in the Theory section. Per RC, there are approximately four trimers (Jansson et al., 1997) . Thus, each trimer adds 2 ϫ 16 ps to the total migration time mig . Therefore, four LHCII trimers per RC add 128 ps to the total excited state lifetime, assuming that intra-and intertrimer energy transfer is similar in lamellar aggregates and PSII. Intertrimer transfer in aggregates appears to be not a rate-limiting event (see above). If it is slower in PSII, the total contribution of mig will increase. In contrast, if it is faster in PSII, not much will change, because intratrimer transfer (which is also relatively slow) will become rate limiting; the assumption is made that intratrimer transfer is similar in PSII and LHCII aggregates.
In fact, reported annihilation rate constant in PSII membranes is only slightly slower than our obtained value for LHCII (Wulf and Trissl, 1996) . The outer antenna of PSII contains, in addition to LHCII, also CP24, CP26, and CP29, which are presumably rather similar to monomeric LHCII with respect to structure and content of Chl a molecules (Bassi et al., 1997) . Therefore, on average, the total contribution of the outer antenna to mig is estimated to be ϳ160 ps, which is rather close to the value of 290 ps observed for PSII (see above). This implies that excitation trapping in PSII cannot be trap limited. It should be noted that, due to heterogeneity, the number of LHCII trimers per RC might strongly vary throughout the thylakoid membrane, but the important point is that each trimer of LHCII adds ϳ32 ps to the total migration time for the RC to which it is connected.
As already mentioned, numerous studies have been performed to elucidate the dynamics of light-harvesting and charge separation in PSII, with many different results. Roelofs et al. (1992) collected an extensive data set for intact pea chloroplasts and global lifetime analyses indicated PSII lifetimes of 290 and 630 ps for open RCs. The data were interpreted in terms of heterogeneity of PSII and the kinetics were explained with the exciton-radical pair equilibrium model. In view of the results of Boekema et al. (1999a,b) (see Introduction), heterogeneity in the organization is certainly an important factor. Our results do not support a diffusion-limited model (contribution of 160 ps of the outer antenna to mig is too small) but they indicate that the contribution of mig to exc (Eq. 1) cannot be neglected, and it will vary for different organizations of LHCII. It is important to note that both transfer between LHCII trimers and "back" transfer from the core to LHCII are likely to occur in view of the structural organization and the small differences in excited state energy (see Introduction).
Comparison of energy transfer between Chl a molecules in LHCII and PSI
It is of interest to compare transfer between Chl a molecules in PSI and LHCII (forming a significant part of PSII). Excitation of Chl a in PSI of Synechocystis sp. PCC 6803, which contains approximately 100 Chls a, leads to trapping with a time constant of 23-24 ps (Savikhin et al., 1999; Gobets et al., 1998) . This is even faster than the spatial equilibration time of 32 ps for a single LHCII trimer, which contains only 21 Chl a molecules. In addition, the trapping time in PSI is probably, to a large extent, contributed to by relative slow transfer from the antenna pigments to the primary donor (Gobets et al., 1998 and references therein) . This means that energy transfer between Chl a molecules in LHCII occurs on a time scale that is an order of magnitude larger than in PSI. A qualitative explanation for this difference is the fact that the Chl a pigment density per unit of area is approximately a factor of two lower in LHCII as compared to PSI (Kühlbrandt et al., 1994; Krauss et al., 1996) . Given the strong dependence of the energy transfer rate on the distance r between donor and acceptor molecules (r Ϫ6 ), this can, to a large extent, account for the observed differences. The fact that the overall trapping time for PSI is so much faster than for PSII, must be partly because the excited state of P700, the primary donor in PSI, is significantly lower in energy than that of P680, the primary donor in PSII, reducing the rate of back transfer of excitation energy from primary donor to the antenna.
APPENDIX: COMPARISON WITH PREVIOUS ANNIHILATION STUDIES ON LHCII
In this Appendix, we show that the annihilation results obtained in this study are in agreement with previous annihilation studies, in which either regular lattice models were assumed or the presence of heterogeneity in the preparations was neglected in most cases. Note that the present study explicitly accounts for spectral/structural inhomogeneity and variation in the degree of aggregation and makes explicit use of the annihilation behavior as a function of time. From the results obtained for aggregates, the energy-transfer rate between Chl a molecules can be estimated if a regular lattice is assumed. To do so, we neglect the (weak) time dependence of the annihilation rate. For rough estimations, the following equation, which is, strictly speaking, only correct for an infinitely large system of connected trimers (Valkunas et al., 1999) , can be applied:
where D is the excitation diffusion constant, V is the volume of the aggregate (domain), R is the reaction radius of the annihilation process (meaning that two excitations inevitably annihilate immediately when they are at a distance smaller than this radius). In the nearest-neighbor approximation D ϭ a 2 / hop where a is the interpigment mean distance, and hop is the mean excitation hopping time between pigments. We use the following estimates for the remaining parameters: R ϭ a (assuming that the S-S annihilation is a migration-limited process as discussed above [see also Valkunas et al., 1995 Valkunas et al., , 1999 ), V ϭ 4 ⁄3 Na 3 , where N is the number of pigments in the aggregate. By using the normalization of the values per trimer, i.e., by taking into account 21 Chl a molecules and ␥ 0 Ϫ1 ϭ 16 ps, it follows that hop ϭ 2.3 ps.
An alternative way for obtaining an estimate for hop runs as follows: As discussed in the Introduction, we use 2␥ 0 Ϫ1 ϭ 0.5Nf d (N) hop . The annihilation rate is normalized per trimer, which suggests that we need to take a value of N ϭ 21 (number of Chl a molecules per trimer) to determine the value of f d (N), but the rate was actually determined for large aggregates for which the number of pigments is much larger and then it was normalized to trimers. Therefore, its value would be approximately 0.8 for a square lattice and 0.6 for a hexagonal lattice (Kudzmauskas et al., 1983) . Here, we simply take a value of 0.7. This leads to hop ϭ 4.2 ps. Therefore, it is clear that the exact value depends on the model that is applied and the organization of the lattice that is assumed. However, it is also evident that whatever model is taken, an average hopping time of several picoseconds is found. Note, however, that the meaning of an average hopping time is very limited, given the large variation in individual transfer rates. However, it allows a comparison with previous studies that were analyzed in terms of average hopping rates.
An early annihilation kinetics study of LHCII was performed by Gillbro et al. (1988) . Because the preparation contained a mixture of different domain sizes and an estimate was made for the average domain size, only a rough estimate could be given for the average hopping rate, and it was proposed that it would probably lie between (1 ps) Ϫ1 and (5 ps)
Ϫ1
. The estimates are in rather good agreement with the current findings. The obtained value for the average hopping time is smaller than the value of 6 ps that was obtained as an upper limit in recent S-S annihilation experiments where the excited dynamics on a picosecond time scale was also studied, but the heterogeneity of the samples was not taken into account (Barzda et al., 1996) . Concomitantly, a lower value of ␣ was found in that study. Our results on trimeric LHCII are qualitatively similar to those obtained by ultrafast measurements by Bittner et al. (1994) . The quantitative differences (compare 28 ps [Bittner et al., 1994] and 24 ps in our case for the annihilation rates in trimers) are mainly related to the different approaches for describing the S-S annihilation process (exponential approximation in Bittner et al., 1994) . The annihilation in LHCII was also addressed in a steady-state fluorescence yield and transmittance by Schödel et al. (1996) . Based on their own results, these authors explained the intensity dependence of the transient absorption kinetics as presented by Bittner et al. (1994) . However, Schödel et al. used a coherent exciton picture and determined, in an indirect way, the rate of annihilation. It turned out to be 50 times faster than the annihilation measured by Bittner et al. Our measurements clearly support the findings of Bittner et al. and are in disagreement with the interpretation by Schödel et al., thereby showing that the coherent approach is not applicable in this case.
